Effect of exercise on the development of osteoporosis in adult ruts. J. Appl. Physiol. 66(l): 14-19, 1989.-The role of moderate exercise in the prevention of high-turnover osteoporosis was investigated by the use of an animal model. The effect of chronic training on gravimetric, mineral, physical, and histological parameters of normal bone was also examined. Fiftysix adult female Long-Evans rats were divided into four groups: sedentary (C) and exercising controls (E) and sedentary (0) and exercising osteoporotics (EO). Exercising animals ran 4 h/ wk for 1 yr. Two percent NH&l added to drinking water induced osteoporosis as shown by significantly lower femoral density and breaking strength and histomorphometrically quantified tibia1 trabecular bone volume but a normal mineralto-matrix ratio in the 0 rats. The development of high-turnover osteoporosis in 0 rats was confirmed by significantly higher alkaline phosphatase activity (P < 0.05), urinary hydroxyproline content (P < O.Ol), resorption surfaces (P < O.Ol), and histological parameters of bone formation (P c 0.01). Exercise prevented all these biochemical, biophysical, and histological abnormalities in the EO group. Exercise had no influence on the density of normal femurs but tended to increase their breaking strength (by 11%) compared with femurs of C rats (P = 0.11).
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high bone turnover; adult female rat; endurance exercise; bone mineral content; bone breaking strength PHYSICAL ACTIVITY is required for the maintenance of skeletal integrity. An acute reduction in gravitational stress, such as occurs during bed rest (16) or immobilization (7), results in a prompt increase in urinary calcium output. The primary effects of immobilization are increased osteoclastic resorption (6) and inhibition of cortical and trabecular bone formation (13) . If the period of decreased gravitational stress is prolonged, a measurable decrease in bone density ensues (11).
In contrast, strenuous long-term exercise has been associated with higher bone density in the distal femur of athletes compared with nonathletes, increased bone mass in the dominant humerus of tennis players, increased total and regional bone calcium content in marathon runners, and 840% higher mean bone mineral content in cross-country runners (1). In addition, several prospective studies have suggested that physical exercise will retard involutional bone loss (1). Other studies, however, have yielded equivocal results (1, 17, 26). It appears that bone mineral can be redistributed to areas of the skeleton undergoing greatest stress, resulting in measurable decreases in bone mineral content of unstressed sites (17, 26) .
The physiological mechanisms that underlie the effects of exercise on bone metabolism are poorly understood. It is also unclear whether the effects of exercise are restricted to weight-bearing bones (1). Mechanical loading has been shown to increase bone formation, possibly by piezoelectric stimulation of osteoblast activity (6). Exercise may also influence hormonal control of bone metabolism. Exercise stimulates the secretion of growth hormone, which has a general trophic effect on the skeleton and stimulates bone remodeling (3). Whereas the stimulatory effect of exercise on low-turnover osteoporosis (where bone is relatively "inactive") would be beneficial, its effect on high-turnover osteoporosis has not been adequately studied.
The present study was undertaken to investigate the effect of a moderate exercise training regime on the development of acid-induced high-turnover osteoporosis.
Use of an animal model 1) permitted control of both the osteoporotic stimulus and the exercise regime and 2) provided the ability to measure directly the breaking strength of the bones. We now report the effects of exercise on the physical, histological, and biochemical parameters of bone metabolism in osteoporotic and normal rat bone.
MATERIALS AND METHODS
Fifty-six adult female Long-Evans rats, weighing -350 g were randomly assigned to the following groups: sedentary controls (C), exercising controls (E), sedentary osteoporotics (0)) and exercising osteoporotics (EO). All rats were fed a stock diet of lab chow containing 1.8% calcium and 0.7% phosphorous. Drinking water comprised distilled water for control rats and a 2% NH&l in distilled water solution for osteoporotic rats. This "acid overload" regime has been shown to produce osteoporosis in rats (5). The exercising rats ran on a Quinton rodent treadmill, which was set at 1 km/h and at a 5" incline. Training comprised 1 h/day, 4 days/wk, for the entire study duration of 1 yr. In the EO group, exercise and acid overload began simultaneously on day 1 of the study.
To label bones for dynamic histomorphometric analyses, two doses (15 mg/kg body mass) of tetracycline One femur and one rib were excised, cleaned of adhering soft tissue, and hydrated for 24 h. Volume and density were determined by hydrostatic weighing. Lengths and widths at the midpoint were measured with Vernier calipers to an accuracy of 0.02 mm. These bones were subsequently dried to constant weight in an oven at 9O"C, milled with dry ice, carbonized on an open flame, and ashed in a muffle oven at 600°C for 15 h (5). Ash was dissolved in 20 ml of 20% HCl, after which the solutions were analyzed for calcium (4), magnesium (4), and phosphate (14) content.
The other femur was loaded to failure by three-point bending at a constant deformation rate of 6 mm/min. The load at breaking point and maximum load (kg) was measured by a locally built strain-gauge apparatus modeled on the Instron Universal Testing Instrument (29). The maximum deflection before fracture was calculated from the deformation rate and time to fracture. One tibia was excised from each rat, fixed in a modified Millonig's buffered Formalin solution (3.7% formaldehyde, 93 mM NaH2P04, 105 mM NaOH, and 14.6 mM sucrose) for 24 h, and embedded in methylmethacrylate. Five-micrometer sections were obtained by the use of an LKB sledge microtome and stained by means of either the method of Goldner (12) or a modification of the method of Masson (12). Trabecular bone volume, relative osteoid volume, total osteoid surface, and total resorptive surface of the tibia1 sections were quantified by use of a Merz-Schenk integrating eyepiece (21). The seventh cauda1 vertebra from each rat was excised, fixed in absolute alcohol for 24 h, and then embedded in methylmethacrylate. The extent of tetracycline labeling was assessed by fluorescent microscopy in lo-to 20-pm transverse sections as previously described (15).
StatisticaL analysis. The mean values of all parameters were compared by means of two-way analysis of variance (27). Multiple linear regression analysis was performed to estimate the relative influence of exercise and NH&l ingestion on body mass, as well as the influence of various factors on femur density and femur breaking strength. All values were standardized [Z = (Xi-mean)/SD where 2 represents standard normal variate and Xi represents values on normalized curve] before the contribution of each independent factor on the dependent variable was Values are means t SE; n, no. of rats. C, control; 0, osteoporosis; OE, osteoporosis and exercise; E, exercise. a P < 0.01, 0 vs. C, E; b P < 0.05, E vs. C, 0, OE; 'P < 0.05, 0 vs. C; d P < 0.01, 0 vs. OE, E; e P < 0.01, E vs. C, 0, OE, by Z-way analysis of variance.
calculated (28). Subsequently, analysis of covariance (28) was used to determine whether the lower femur density of the 0 group was related to the lower body mass and whether the lower femoral breaking strength observed in the 0 group was a result of the lower bone density.
RESULTS
The mean body mass at death was similar in the C, OE, and E groups (Table 1 ). In the 0 group, mean body mass at death was significantly lower than that of the C and E groups but was not significantly different from the EO group. Body mass did not appear to be related to exercise training (partial correlation -0.007), but NH&l ingestion contributed significantly to final body mass (partial correlation -0.34).
NH&l ingestion resulted in low mixed venous blood pH in both osteoporotic groups (7.1 t 0.01 and 7.14 t 0.03 in the 0 and EO groups, respectively, compared with 7.3 t 0.01 and 7.35 t 0.03 in the C and E groups). The mean bicarbonate content of the acid-overloaded groups was also significantly (P < 0.01) lower than both control groups. After 1 h of exercise the mean pH of OE rats had risen to 7.4 t 0.02 but by 6 h postexercise had returned to 7.1 t 0.03.
Morphometric data are presented in Table 1 . No differences in femoral dry weight were found between any of the groups, but femoral fresh weight was significantly higher in the E group than in other groups. Femoral density was lower in the 0 group than in the C group (P < 0.05) and both exercise groups (P < 0.01). Analysis of covariance showed that the mean femoral density of the 0 group remained significantly (P < 0.05) lower than that of all the other groups after correction for differences in body mass. No correlation ( r = 0.17 and P > 0.1) was observed between femoral density and body mass. No differences in the fresh weight, density, or EXERCISE AND OSTEOPOROSIS IN ADULT RATS volume of the ribs were found between any groups. The physical dimensions of the femurs and ribs were not markedly different between groups (Table 2 ). The 0 femurs had a smaller deflection before failure (Table 2) and a significantly lower maximum load at failure than did the C and E femurs (Fig. 1, 0) . Mean maximum breaking strength of the OE and E femurs was not significantly different from that of C femurs. Femoral breaking strength was significantly correlated (r = 0.52, P < 0.001) with femoral density (Fig. 2) . When differences in density were controlled for by two-way analysis of covariance, no differences were observed between the adjusted means for breaking strength (Fig. 1, I@. The ratio of mineral to matrix (percent ash) of femurs and ribs was not significantly different between any of the groups. Calcium, phosphate, and magnesium ratios were also similar in all groups (Table 3) , indicating normal bone mineralization.
The mean corrected plasma calcium concentration of the 0, OE, and E groups were all significantly higher than the C group (Table 4) . Phosphate concentrations were within the normal range in all four groups. Acidoverloaded rats had significantly lower plasma albumin concentrations than did C and E rats. All LH concentrations were generally low; however, in the OE group LH levels were marginally but significantly lower than the other groups. Wider variations in circulating estradiol concentrations were observed, but no significant differences were found between the four groups.
The biochemical markers of bone turnover rate, namely plasma alkaline phosphatase activity and urinary hydroxyproline content, were similar in C, OE, and E groups but were significantly higher in the 0 group (Table 5) . Both acid-overloaded groups tended to have higher urinary calcium excretion (Table 4 ), but this difference was not statistically significant.
Quantitative histomorphometry revealed a significantly lower tibia1 trabecular bone volume in the 0 group than in the other groups. This finding is consistent with the significantly lower femoral density of this group (Table 6 ). Parameters of bone resorption (percent total resorptive surface) and bone formation (percent relative osteoid volume) were significantly greater in the 0 tibiae than in the tibiae of other groups. The extent of tetracycline labeling appeared to be greater in 0 rats than in the other groups, but since bone formation was low in all rats studied, tetracycline incorporation was scant, double labels were rarely seen, and quantitation of mineralization rate was not possible.
DISCUSSION
In this study the ingestion of NH&l resulted in metabolic acidosis in 0 and EO rats. Chronic metabolic acidosis was associated with increased bone resorption, decreased tibia1 trabecular bone volume, and decreased femoral density, only in 0 rats. The absence of histological evidence of osteomalacia and the maintenance of a normal mineral-to-matrix ratio in these rats indicated the development of true osteoporosis (5). The increased total resorptive surface and relative osteoid volume, as well as the increased urinary hydroxyproline content and serum alkaline phosphatase activity, all indicated the development of high-turnover osteoporosis in 0 rats exposed to acid overload.
Moderate long-term weight-bearing exercise prevented the development of this high-turnover osteoporosis as indicated by the maintenance of femoral density, femoral breaking strength, and tibia1 trabecular bone volume in EO rats. There are, however, two variables that complicate the interpretation that exercise alone prevented osteoporosis.
First, submaximal exercise during chronic metabolic acidosis may stimulate hyperventilation and the mobilization of intra-and extracellular bicarbonate and thus temporarily alleviate the metabolic acidosis. Indeed, in this study exercise was associated with a return of blood pH to normal levels in the OE rats. Therefore it might be argued that exercise prevented osteoporosis by ameliorating the metabolic acidosis, rather than by a direct effect on bone metabolism.
Within 6 h after exercise, however, the blood pH of EO rats was the same as that of 0 rats. Because EO rats exercised for only 4 h/wk, they were less acidotic than 0 rats for a minimum of only 5% to a maximum of 15% of the duration of the study. Therefore, for a minimum of 85% of the experimental period, OE rats were exposed to the same acid overload as 0 rats but did not develop osteoporosis. It seems unlikely that the short-term correction of meta- bolic acidosis induced by exercise could completely correct the parameters of osteoporosis as found in the EO rats.
Second, since bone density in normal rats has been related to body mass (25), it is possible that the lower femoral density of the 0 rats in this study was related to their lower body mass. This seems unlikely, because body mass and femoral density were not correlated in this group (r = 0.01). Furthermore, after statistical correction Table  1 footnote for definition of abbreviations.
LH, luteinizing hormone.
a P < 0.05, C vs. 0; b P < 0.01, C vs. E; 'P < 0.05, C vs. 0, OE; d P < 0.01, E vs. 0, OE; e P < 0.01, C vs. 0, OE, E; f P < 0.05, OE, vs. C, 0, E. g Corrected for albumin: Ca + 0.025 (40 -albumin) (35).
for the differences in body mass, mean femur density of 0 rats remained significantly lower than that of C, OE, and E rats. The significantly lower body mass of the 0 rats compared with the C and E rats suggests that a low food intake could have played a role in the development of their osteoporosis. Food intake was not documented in Table  1 footnote for definition of abbreviations. a P < 0.05, 0 vs. OE; b P < 0.01, 0 vs. E; 'P < 0.01, 0 vs. C, OE, E. this study, but malnutrition causes a marked inhibition of bone turnover (20) and cannot therefore account for the high-turnover osteoporosis found in the 0 rats. Moreover, body mass and serum albumin of 0 and OE rats were similar despite significant differences in the skeletal integrity of these two groups.
Acid-induced hypoestrogenism may have contributed to the osteoporosis in the 0 rats. Serum estradiol concentrations were low, but not significantly, in 0 rats compared with the other groups. Amenorrhea, however, did not appear to be present in 0 rats, because LH levels were comparable to those in C rats, and the trend toward lower estradiol levels is more likely a result of a decrease in the peripheral conversion of androgens to estrogens because of less peripheral fat tissue (18). However, although the 0 rats had lower body mass than C and E rats, they did not differ from OE rats in either body mass or estradiol concentrations.
Possibly the protective effect of exercise was to act against the development of hypoestrogenism in OE rats. The combination of acid overload and exercise caused lower LH levels but not hypoestrogenism or decreased bone density or breaking strength in the OE rats.
On the basis of these findings, we conclude first that the osteoporosis was primarily a result of NH&l-induced metabolic acidosis and was not secondary to malnutrition. Hypoestrogenism may, however, have been a contributing factor. This conclusion is supported by previous work that has shown the resorption of alkaline bone salts during both acute and chronic acidosis (9, 19). Second, we conclude that exercise prevented the resorption of bone mineral and the development of osteoporosis in the EO group, despite the development of metabolic acidosis in these rats.
The finding that exercise prevented the development of a high rate of bone turnover would seem to be in conflict with the known stimulatory effect of exercise on osteoblast function (6). Although we did not measure 1,25dihydroxyvitamin D concentrations in this study, the protective effect of exercise may have been due to increased serum concentrations of l,%-dihydroxyvitamin D, causing increased intestinal absorption of calcium. This response to training has recently been demonstrated in rats (30) and would also be consistent with the increased serum calcium concentrations found in E and EO rats in the present study. Exercise-induced increases in serum calcium concentrations have been reported to increase serum calcitonin concentration (2). This short-term response to exercise may also have played a role in preventing high bone turnover osteoporosis in EO rats in this study. In addition to a direct effect on weight-bearing bone, it is therefore possible that exercise may also influence bone metabolism via circulating factors.
In this study rib morphometry was evaluated to determine the effects of NH&l ingestion and exercise on nonweight-bearing bones. Neither exercise nor acid overload significantly altered the density of the ribs. We are unable to explain why a general metabolic acidosis caused preferential mineral resorption from the femurs but not from the ribs of the same animal. This finding indicates that different parts of the skeleton show different responses to the same systemic factors and that local control mechanisms may determine bone sensitivity to such factors. Previous studies have shown that the response of bone to mechanical strain (10) and immobilization (27) is site specific and is thought to be related to the local bone composition (27) and the specific function of the bone (10).
The influence of exercise on bone breaking strength has previously been investigated in animal models. One year of exercise in swine increased the breaking strength of portions of their femurs (29). The increased femoral breaking strength was associated with increased cortical thickness but not increased femoral density. In contrast, Saville et al. (25) found that bipedal rats have both higher femoral density and breaking strength than quadrupeds of the same body mass. In the present study, 0 femurs had significantly lower breaking strength than EO and E femurs and significantly lower density than C, EO, and E femurs. Femoral breaking strength was significantly correlated with femoral density (Fig. l) , and when density was held constant by means of two-way analysis of covariance, the adjusted means for breaking strength of the 0 femurs was similar to C, OE, and E femurs (Fig.  2) . These data indicate that density strongly influences bone breaking strength and that the positive effect of exercise on the breaking strength of EO femurs was probably due to the maintenance of their density.
Despite this positive relationship among exercise, density, and breaking strength in EO femurs, exercise did not increase the density and only slightly increased the breaking strength (P = 0.11) of E femurs compared with C femurs. It is possible that a more intensive exercise training program is required to increase bone density significantly than that which will prevent bone loss in the face of an osteoporotic stimulus. In summary, this study shows that mild exercise training can prevent the development of acid-induced highturnover osteoporosis in adult female rats. In addition, the results indicate that bone density is the primary determinant of bone breaking strength and that exercise exerts a positive influence on both of these factors. 
